[1] Changes in observed photometric intensity on a planetary surface are caused by variations in local viewing geometry defined by the radiance incidence, emission, and solar phase angle coupled with a wavelength-dependent surface phase function f (a, l) which is specific for a given terrain. In this paper we provide preliminary empirical models, based on data acquired inflight, which enable the correction of Moon Mineralogy Mapper (M 3 ) spectral images to a standard geometry with the effects of viewing geometry removed. Over the solar phase angle range for which the M 3 data were acquired our models are accurate to a few percent, particularly where thermal emission is not significant. Our models are expected to improve as additional refinements to the calibrations occur, including improvements to the flatfield calibration; improved scattered and stray light corrections; improved thermal model corrections; and the computation of more accurate local incident and emission angles based on surface topography. 
Introduction
[2] The Moon Mineralogy Mapper (M 3 ) imaging spectrometer was one of two NASA-provided instruments on the Chandrayaan-1 Indian Space Research Organization (ISRO) spacecraft. Launched in 2008, M 3 is an imaging spectrometer covering the visible and infrared spectral range (∼0.4 to ∼3 mm) at high spectral resolution. M 3 operated in two modes: a "targeted" mode with 10nm spectral sampling for detailed observations and a "global" mode with 20 and 40 nm spectral sampling for global coverage. The work presented here uses M 3 's global mode data, as the mission unfortunately terminated before many targeted data could be acquired.
[3] The scientific goals of M 3 are to identify and map minerals and volatiles on the surface of the Moon, and to place these components within the context of the geophysical evolution of the Moon. Perhaps the greatest discovery of the M 3 mission so far is the discovery and mapping of the OH absorption features near 2.8 to 3.0 mm on the surface of the Moon [Pieters et al., 2009] . Future science returns from the M 3 database promise to be greatly enhanced by a synergistic incorporation of other recent space-based data sets, specifically NASA's Lunar Reconnaissance Orbiter [Robinson and the LROC Team, 2010] and JAXA's Kaguya [Kato et al., 2009] missions.
[4] Most of the change in photometric intensity on a planetary surface is not intrinsic but is caused by changes in local viewing geometry defined by the radiance incidence, emission, and solar phase angle. The goal of this paper is to provide a preliminary but accurate model to correct M 3 images to a standard geometry with all the effects of viewing geometry removed, based on data acquired inflight. This model will provide a procedure for producing mosaics, individual spectra, and other products from M 3 data that are free of the effects of viewing geometry. The current model is expected to improve as additional refinements to the calibrations occur, including improvements to the flatfield calibrations; improved scattered light corrections; improved thermal model corrections; and the computation of more accurate incident and emission angles based on derived surface topography. However, the fundamental model will not change, and the changes in the numerical correction factors are expected to be small, a few percent at most for the most extreme geometries at the poles and at the largest solar phase angles.
The Model
[5] As a low-albedo object, it has long been recognized that the Moon exhibits a surface reflectance that is domi-nated by singly scattered light and can be described by the equation [Chandrasekhar, 1960] :
where I is the specific intensity, pF is the incidence solar flux, f (a, l) is the wavelength-dependent surface phase function and m and m 0 are the cosines of the emission and incident angles. This function is known as the "LommelSeeliger" or lunar scattering law. The surface phase function f (a) describes changes in the intensity on the surface due to phase angle alone and contains the physical attributes of the surface, including the roughness, single particle phase function, the single scattering albedo, and the compaction state of the optically active portion of the regolith. In our empirical treatment, we concatenate all these physical parameters into a single function; further work will derive the physical photometric parameters, which are described in the literature [Irvine, 1966; Hapke, 1981 Hapke, , 1984 Hapke, , 1986 Hapke, , 1990 Buratti, 1985; Buratti and Veverka, 1985] . The incident and emission angles were calculated from spacecraft navigation routines which assumed a spherical Moon. The values for the incident and emission angles can be improved with knowledge of surface topography for the determination of local slopes on a per pixel basis.
[6] The Moon's surface scatters closely according to equation (1), and the most detailed published analysis of the lunar surface shows that this equation describes the lunar surface well [Hillier et al., 1999] . Some preliminary work by McEwen [1996] on Clementine data showed that equation (1) does a "good job" of describing the lunar surface, although the addition of a Lambert scattering factor dependent on the cosine of the emission angle could provide some improvement to the model. This addition involves the use of eleven adjustable parameters [McEwen, 1996] and thus suffers some of the unwieldiness and nonuniqueness of a full Hapke model. The Lambert portion of the photometric function is conceptually the treatment of isotropic multiple scattering, which has been shown by both spacecraft data and laboratory measurements to be unimportant until albedos reach 0.3-0.6 [Veverka et al., 1978; Buratti, 1984] . McEwen's analysis states that the limb-darkening function varies with the incident, emission, and solar phase angles rather than with albedo, a result that suggests the contribution of multiple scattering is negligible for the Moon.
[7] Our initial model is based on images acquired during Observing Period 1 and Observing Period 2 (OP1 and OP2). Separate f (a, l) fits for maria and highlands were generated. Figure 1 shows the regions from which data were selected for the initial maria fits. The yellow circles are centered in the lunar maria, and avoid regions above ±60 degrees latitude to eliminate extreme shadowing. The earliest data, which are the strips near the equator centered near 200°longitude, were also avoided in the fits due to initial high M 3 detector temperatures. The pixels in each spectral band were first corrected for the effects of the incident and emission angle by multiplying by the factor (m + m o )/m o (the "LommelSeeliger correction"). The data were then processed with the application of a running median filter of 0.1°phase angle resolution in order to minimize the effects of bad pixels, small-scale local topography, and inadvertent mixing of terrain types. The resulting f (a, l) running median was fit with a sixth-order polynomial:
where the solar phase angle a is expressed in degrees. The formulation is similar to the model used by Hillier et al. [1999] to describe Clementine lunar photometry. This empirical fit was generated independently for each of the 84 M 3 Figure 1 . A mosaic of M 3 observations obtained during OP1. The yellow circles represent regions from which data were extracted for the derivation of the maria solar phase function. The red and green boxes represent regions extracted for comparison with the ROLO Chip 0 (Mare Serenitatis) and Chip 9 (highlands), respectively. [Buratti et al., 1996; Hillier et al., 1999] because the solar phase angle range in OP1 and OP2 (24°-90°) does not cover the canonical range of the opposition surge (a < 12°).
The resulting lunar maria model coefficients are listed in Table 1 .
[8] A second function to represent the averaged lunar highlands was fit by expanding the yellow circles by a factor of three, extracting I/F values from the all the regions not within these larger circles and at latitudes less than ±60°, applying the Lommel-Seeliger correction, and finally fitting the resulting values to equation (2). The values for the fit coefficients for the lunar highlands (which we call "not mare") are listed in Table 2 for 84 M 3 spectral bands. The 85th M 3 band gave consistently nonphysical fits (i.e., I/F less than zero) for both "mare" and "not mare" and was excluded from analysis. Figures 2a and 2b show the LommelSeeliger corrected I/F values (the f (a) plotted as a function of solar phase angle along with a running-box median and our empirical f (a) fits. Also plotted are curves illustrating Clementine models for lunar mare and highlands [Hillier et al., 1999] and ground-based observations of the Moon using the USGS Robotic Lunar Observatory (ROLO) [Kieffer and Stone, 2005] . Our M 3 -based model agrees well with our preflight ROLO model [Buratti et al., 2011] at . A histogram of normal reflectances for both the highlands and maria, produced by the model described in this paper (for normal reflectance, the incident and emission angle are both zero). The numbers were derived without including a lunar opposition surge, as these small solar phase angles were not attained during OP1 and OP2. solar phase angles constrained by M 3 data but diverges at low solar phase angles. The data in Figures 2a and 2b are scattered because of albedo variations on the Moon and because of changes in the incident and emission angles due to local topography, both of which are exhibited more intensely in highland regions.
[9] The spectral dependence of our f (a) models is shown in Figures 3a and 3b for "mare" and "not mare. " These curves show a model spectrum of the lunar maria and highlands in 10°increments of solar phase angle, with both raw fits and smoothed values shown. Figure 3c shows the f (a) model spectra normalized to 1.489 mm to illustrate substantial reddening for the lunar highlands for observations at large solar phase angles. Our mare model was underconstrained at solar phase angle less than 35°and cannot be used to estimate solar phase reddening, although recent telescopic studies suggest that the color index C(600/470 nm) grows more quickly with solar phase angle for highlands than mare at solar phase angles a less than 40-50° [Kaydash et al., 2010] .
[10] The values listed in Tables 1 and 2 can be used to correct M 3 spectra and images to an arbitrary viewing geometry, with the caveat that our models were not well constrained at low solar phase angles below 35°and 25°for the "mare" and "not mare" models, respectively. For the initial analysis of M 3 data the science team normalized the measurements to a solar phase angle of 30°to correspond to the geometry of the RELAB experiments [Pieters, 1983] . Figure 4 is a graphical rendition of these corrections, f (30°, l)/f (a, l).
The Performance of the Photometric Model
[11] As a test of the photometric model, a histogram of normal reflectances in the visible (0.54 mm) channel is shown in Figure 5 after the photometric corrections for two regions on the Moon: the highlands and the lunar maria. These two regions were extracted from focus areas selected for intensive calibration in the USGS's Robotic Lunar Observatory (ROLO) dedicated ground-based lunar calibration project [Kieffer and Wildey, 1996; Kieffer and Stone, 2005; Buratti et al., 2011] . The reflectance values for the highlands were extracted from the area of chip 9 in the ROLO database at a latitude of −17.21°and longitude of 20.10°and the reflectance values for the maria were extracted from chip 0 in Mare Serenitatis at a latitude of 19.06°and a longitude of 20.47°. (the precise ROLO chip 0 and chip 9 locations were not available in the M 3 data set.) Figure 5 shows histograms of albedo (normal reflectance) for both regions. The mean reflectance of 0.06 for the maria and 0.11 for the highlands is low but reasonable, although we note that these numbers are based on a model extrapolation to a solar phase angle of 0°rather than on actual measurements at opposition. Subsequent modeling of the opposition surge will increase these numbers by a factor of 30-40%., as suggested by the behavior of the ROLO and Clementine models presented in Figures 2a and 2b .
[12] Figure 6 shows the use of the photometric model for a region on the Moon known as the Reiner Gamma Swirl. This albedo feature is about 70 km wide and is located at 7.5°N and 59.0°W in Oceanus Procellarum. This archetypical lunar swirl exhibits large albedo variations, and is thus an ideal feature for applying and testing a photometric model. Figure 6a is a mosaic of Reiner Gamma produced without any photometric corrections, but with calibrated radiance data. Figure 6b shows the same mosaic corrected for photometric effects following the method outlined in Section 2, and using the correction for the maria regions.
[13] A second example making use of the highlands photometric function ("not mare" model) is shown in Figure 7 . This region covers the Orientale Basin, which is about 900 km in diameter and is located at 19.4°S and 92.8°W. Figure 7a is the uncorrected mosaic, while Figure 7b shows the correction for 0.54 mm. Figure 7c shows observations 
Discussion and Future Work
[14] The photometric model presented in this paper is a purely empirical one that is useful for correcting spectra and multispectral mosaics in the 0.404 to 2.983 mm spectral range for the effects of viewing geometry. The functions presented apply only to the phase angle range of the observational set (24°-90°). Further work will present a more detailed function for the opposition surge. Another improvement would be to partition the correction between the mare and "not mare" functions on the basis of the albedo of the surface or geographical location. For example, Figure 7 , the correction for the Orientale Basin, was made with the "not mare" photometric function. The correction is good except for the area in the center of the basin, the most mare-like region in the mosaic.
[15] Figure 7d shows the 2.1/1.2 mm ratio of the photometrically corrected mosaics for the Orientale Basin. The rippling effect of about <5% represents the total photometric integrity of the M 3 data after all calibrations and photometric corrections. The pattern is due to a combination of all likely effects not corrected for in the M 3 calibration procedures in addition to inaccuracies in our photometric model: residual scattered light from the M 3 instrument and stray light from the Chandrayaan-1 spacecraft; imperfect flatfielding (a crosstrack average to the flatfield combining a range of emission angles was used); errors in the calculation of the incident and emission angles due to surface topography and other factors, and finally the subtraction of the thermal component.
[16] Thermal radiation has not been subtracted from the M 3 measurements used to obtain our model fits. Thermal emission becomes significant (∼a few % relative to reflected sunlight) at 2.4 mm for a typical lunar surface with an albedo of 0.1 [Hapke, 1993] . For lunar maria the thermal emission is even more substantial. Thermal radiation exhibits an isotropic scattering law proportional to the cosine of the emission angle. Our model is fit separately to each wavelength, but as the wavelength and thus thermal radiation increases, the Lommel-Seeliger correction for reflected light becomes less and less applicable if the thermal radiation has not been subtracted. With the emission angle changing in the crosstrack direction of our scans, this factor can become significant, particularly if one is ratioing two photometrically corrected mosaics at different wavelengths (see Figure 7d) . Future work will thus need to incorporate a thermal model, particularly beyond 2 mm; our model is most accurate for wavelengths where thermal emission is not significant. Figure 7d shows bright areas at the center and rim of the Orientale Basin which are consistent with a higher temperature and thermal emission at 2.2 mm in the low-albedo regions. Current limitations on the accuracy of wavelengthdependent calibrations (flatfielding and scattered light for example) may also cause wavelength-dependent artifacts in the data. Our model works particularly well (∼1-2% relative error) when producing mosaics of M 3 images at individual wavelengths below 2 mm.
